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Electron-beam induced degradation in CdTe photovoltaics
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We used electron beam induced curr@gBIC) to measure degradation of CdTe photovoltaic cells.

We have observed thdt) the EBIC signal shows a considerable, continuous degradation depending

on the electron-beam current, scan area, energy, and sample treafimetite characteristic
degradation time fluctuates between different spots on the same samplgij agchin boundary

regions are the most effective collectors of the electron-beam generated charge carriers. Our
phenomenological model relates the observed degradation to defects caused by the electron-beam
generated electrons and holes. 2000 American Institute of PhysidsS0021-897800)04416-9

I. INTRODUCTION Il. EXPERIMENT

In order to become competitive and gain market share, it  The typical experimental device in this study consists of
was estimated that thin-film photovoltgieV) modules must a 0.3um layer of CdS followed by a 3.5—-4m CdTe layer
be guaranteed a lifetime of approximately 20 yluch in- deposited on commercially available Sp€pated glass
terest has been expressed recently towards the design of abstrates.The conductive oxide layer has a sheet resistance
celerated lifetime testing procedures to allow the predictiorof 12 () and serves as the front electrode. The semiconductor
of module stability in a relatively short period. Light-induced layers were deposited using a proprietary vapor transport
effects accumulate slowly and sometimes become significanfeposition method. After deposition, the samples were sub-
only after several years. In addition, factors such as temperamitted to a standard anneal in the presence of ga@pors,
ture and ambient variations are not well controlled in thiswhich generally leads to improved electrical characteridtics.
time frame and thus obscure the observations. Consequentlifter this anneal, typical grain sizes for CdTe are 1. A
conducting accelerated life tests requires techniques able petal layer deposited by sputtering was used to form the
produce effects similar to those induced by light on a muctback contact to CdTe. Cu was introduced at the metal—
shorter time scale and under well-controlled conditions.  semiconductor junction through an anneal stdhis step is

Electron-beam irradiation is a potential candidate thabelieved to lead to the formation of a strongly dogeldyer
may satisfy the above criteria. Electron beams with a diamat the surface of the CdTe and help in the formation of a
eter of approximately 100 A, energies of 10-30 keV, andgood back contact.The use of Cu in this study was moti-
currents 0.01-10 nA are typically available in electron mi-vated by results of recent studies suggesting that Cu elec-
croscopes. They do not produce much heating and are na@tomigration and instability in the CdTe matrix could lead to
energetic enough to cause atomic displacements which isignificant device degradatiér.
this respect are equivalent to lightHHowever, in semicon- The EBIC analysis was carried out in a JEOL JSM
ductor materials, electron beams can lead to electron—hol@-330 electron microscope using back-wall excitation geom-
pair generation rates up to A®igher than lighttAM1.5).  etry, with injection through the back contact and CdTe. The
One additional advantage of the technique is that the degratigital output was read with a digital multimeter having a PC
dation can be measured continuouslysitu by monitoring  interface. We used electron energies varying from 10 to 30
the electron beam induced currd@&BIC). keV and beam currents, varying from 0.5 to 3 nA.

Most of the previous work on electron-beam induced  The electron beam generates electron—heleh| pairs
degradation has been devoted &eSi:H, although similar in a localized teardrop-shaped region whose position and
effects were found in a variety of other semiconducfolrs.  size inside the device depend on the electron ener§yThe
a-Si:H, e beams generate metastable defects comparable tiistance from the back contact to the center of the generation
those caused by illumination, although certain differencesegion varies monotonically with the electron energy from
exist in the kinetics of the two processe this article, we 2.6 um at 20 keV to 5.1um at 30 keV. The characteristic
investigate the degradation of CdTe PV devices induced bypatial dispersion of excite@—h pairs is approximately
electron-beam excitation. As in the caseaefi devices, we three times smaller than the above distance. The beam scans
suggest that the degradation mechanisms are similar to thos@ area of a given sizeanging from 0.5 to 13 20@m? in
produced by light illumination. In addition, we propose aour experiments, much larger than the beam cross sgction
theoretical model for the observed degradation that is consisand the generation region follows the beam adiabatically.
tent with our data. (Relaxation times in the electron and phonon systems of the

material are much shorter than the characteristic time it takes

dAuthor to whom correspondence should be addressed; electronic mait.he b?am to travel the gene_ration r?gion Ien)gTHne built-in
vkarpov@firstsolar.com electric field at thgp—n junction spatially separates the elec-
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FIG. 1. Normalized EBIC degradation at two different spots of the same

sample.e-beam parameter$,=0.8 nA, E=20 keV, A=530 un?.
straight line in one of the examined samples. Note that simi-
lar spatial variations were observed earlier in the laser beam

trons and holes pulling them to the opposite electrodes, thugduced current in CdTe solar célland were found to in-
generating the EBIQ. In our experiments we measurdads Ccrease with the generation intensity.
a function of scan time, scan area\, electron energy, To study the reversibility of the beam induced degra-
and beam current, . dation we used a time-modulatedbeam. When the beam is
The beam generates-h pairs at an extremely high rate. turned off the current drops a certain value with any transient
For example, for a beam of diame®@0.5 um, currentl, 1 effects appearing to have time constants less than 1 min. As
nA, electron energyV 30 keV, spatial dispersion lengthl ~ can be observed in Fig. 3, the EBIC degradation is partly
wm, ande—h pair generation energy 5 eV (triple the band  reversible. Figure 4 illustrates changes in the EBIC signal

gap.® the effectivee—h generation rate is during 15 h interruption in continuous irradiation showing
the same partial reversibility trend.

ge=|2—e V_V)%lozs cm3s L. (1) Figure 5 shows changes in the EBIC signal when the

dle\w scanned ared is successively increased every 15 min of

. . . . 2 . 2
Heree is the electron charge; the role of backscattered eleclradiation, starting from gum" and going up to 13 20@m®.
trons is not included. This equation yields the acceleration’ N€ fact that the EBIC signal depends Aisuggests that the
factor of a=g./g;~10° as compared to the standard light- irradiated material degrades and is consistent with the EBIC

generation rateg,~10? cm 3s™ 1. As is shown belovfsee decay in time presented in Fig. (For discussion, see Sec.

the discussion after Eqés) and(10)], the material degrada- !l C.) ) o o
tion rate can be either linear or nonlinear in the excitation ~ ©One side result of our EBIC studies is worth mentioning
intensity g, . in connection with the observed degradation. We compared
Note that thee—h generation rate does not change with the secondary electron image to the EBIC image and found
the scan ared, since physical generation occurs locally un- 9rain-boundary regions to be more effective current collec-
der the beam. Instead, the time that the beam spends on a
given local spot in the scanned area decreases AvitAs-
suming the generation region are@&A, the local irradiation
(true) time 10
o i3
t= Kts<t3! (2

k)
L éb%
& %,
wheretg is the measured scanning time. Because decrease i 0. i e,
irradiation time is not generally equivalent to decrease in 5 ey
generation rate, the difference between light-induced anc® |
e-beam induced degradations does not necessarily reduce i

the above acceleration factor. 0.6 4

Figure 1 shows a typical observed EBIC degradation;
more data are presented below in comparison with the theo " T " T " T - . . 1
retical fit (Figs. 7 and & The EBIC signal shows a consid- 0 20 40 &0 80 100
erable variability between different spots on the same
sample. The variability decreases with the irradiation doseg|g. 3. EBIC degradation under modulatedbeam.e-beam parameters:
Figure 2 illustrates the case of ten equidistant spots along ia=0.8 nA, E=20keV, A=30 um?.

units

time, min



1796 J. Appl. Phys., Vol. 88, No. 4, 15 August 2000 Harju et al.

0.8

0.7

0.6

0.5 4

0.4
0.3 ] ‘
0.2 :

0.1

EBIC, arb. units

0.0

—

T T T T T T T T T 1
-20 0 20 40 60 80 100 120 140

(b)

time, min
FIG. 6. EBIC image(a) in comparison with the secondary electron image
FIG. 4. Interrupted EBIC degradation: 15 h out of the beam after 70 min(b). Bright spots in the EBIC map correspond to the grain boundary regions
irradiation.e-beam parameters,=1.30 nA, E=25 keV, A=530 um?. where EBIC is a maximume-beam parameters,=1.30 nA, E=25keV,
A=530um?.

tors than the intragrain materi@Fig. 6). The two images
when superimposed produce a uniform black appearanc@|. MODEL
They are complimentary to each other as a negative to the
photographic image. The ratio of the grain boundary to in-  Our model relates the above-described phenomena to
tragrain EBIC intensity can be as large as 1@Gfferent changes in the semiconductor absorber layer. We assume
etches changed the EBIC image and the ratio of intragrain té1at the observed decay of the EBIC signal reflects changes
grain-boundary EBIC intensities Gallowayet al'®reported  In the charged-carrier concentration causededyeam in-
a similar effect for CdTe cells. duced defects. Our phenomenological model does not
We explain the increased collection at the grain boundSpPecify the microscopic nature of the defects, such as their
aries by the presence of built-in electric fields that effectivelychemical composition and lattice relaxation. It describes the
separate nonequilibrium electron and holes and thus suppresinplest conceivable kinetics of material degradation in re-
their recombination. We note that the parameters of sucBPonse to extra charge carriers.
fie|dsy the amp“tudE and the Screening |engm depend on We postulate that in the materials under consideration
local impurity (defect concentration and thus fluctuate be- New defects appear in response to extra cariiekectrons
tween different grain boundary regions_ The Correspondin@.ndlor hole; ThIS postulate reﬂeCtS the faC'[ that the material
recombination barrier\(,=EL) fluctuations make the re- degrades because of irradiation with photons and electrons
combination parameteryxexp(~V,/kT), wherekT is the that are not energetic enough to create lattice displacements
thermal energy fluctuate exponentially between different and interact with the electron subsystem. The same mecha-
grain boundary regions. This nonuniformity may be thenism of defect creation may be responsible for the phenom-
cause for the observed variations in degradation kinetics begnon of self-compensation that makes it impossibtevery
tween different spots on the same sample, as we will discudard to dope the materials under consideratibrindeed,

in more detail in Sec. Ill. Note that our EBIC topography because there is no difference between the charge carriers
diagrams show fluctuations in the current collections bebrought into the system by radiation and doping, the latter
tween different bright grain boundary regions. will trigger defect creation as well.

To summarize, we assume thdity the defect creation
rate depends on charge carrier concentration @ndhese
defects act as recombination centers and thus have a feed-
back effect on the charge carrier concentration. Conse-
quently, the kinetics of the charge carriers and photogener-
ated defects are coupled and must be considered self-

£ o G , consistently.
S 13200um
S o6l A. Linear kinetics
© 2100um? ) L ,
) In the simplest approximation the defect generation rate
@ 47 530um? dN/dt is linear in the charge carrier concentration
024 130um* N
| sum® ™ 30um? ¢ —— =an-pBN. 3
0.0 T r T N T T T T T T 1 dt
° 2 o e 5 "% Here the last term represent the process of defect annihila-
time, min tion; « and 8 are material parameters. Both the parameters

FIG. 5. Area dependent EBIC degradation with 15 min exposure at specifie@/€ N general temperatqre depende.nt' as they describe the
scan areas-beam parameters,=0.8 nA, E=20 keV. processes of defect creation and annihilation; these tempera-
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ture dependences are normally of the activation type. Also, iind(2) the true degradation timeunder the beam, related to
the defect centers contain doping impurity atofas was the second of the above interpretations. Note that (BY.
suggested for the self-compensation phenomena and photpredicts the degradation ratdIn n)/dt<1/7 to be approxi-
induced defectd), then a and 8 are impurity dependent. mately linear in the excitation intensits.

Because the electron kinetics is relatively féet compared A comment is in order regarding other types of recom-
to that of the defecjswve can write the corresponding balance bination centers that may be present in a semiconductor ma-
equation in the quasistationary approximation terial and not be affected by radiation. They can be formally

accounted for by adding a term y;N;n in Eq. (4), where

N, is a constant concentration of such centers. This modifi-
whereG is the electron—hole generation rdtee number of cation makes the solution to Eq8) and(4) rather cumber-
e—h pairs created per time per volumandy is the recom- some and we do not present it here. We note however that far
bination constant. We have chosen here the recombinatioifiom saturatior{that is in the domain of applicability of Eq.
rate to be linear in electron concentration, which is a typical6)] the annealing process is insignificant, which enables one

G—yNn=0, (4)

case in semiconductors. to write the solution to the modified equations in the form,
The solution to the above equations is Egs.(5) and(6), with N replaced byN+ Ny, /vy,.
. Because the parametess 3, y are temperature depen-
N=N \/1_[1_ (&) exp(—2t) dent, the quantitiedl, n, and r depend on temperature. As a
” N., ' simple conceivable example we consider a situation when
the defects are metastable. Then the annealing barrier is
where N..= yaG/y8, lower than that of defect creatioz<V,. Hence, N,
G/yN (5) wexd (Vs—V,+V,)/2kT] can increase or decrease with tem-
n= - ) perature depending on the recombination barder If, on
No 2 the other hand, the defects are stable, thigaV, andN.,
1- 1—(N—) exp(—2pt) decreases with temperature. Taking into account also that the

characteristic timere yaflocexr[(va—vy)/k'l‘] we conclude
Here N.. is the limiting (saturatedl concentration of defects that the temperature makes degradation either faster or
after infinitely long exposure to irradiation, arid is the  slower depending on the relation between the two barriers.
initial concentration of these defects. Note that in addition to It should be emphasized that the latter temperature de-
defect accumulation the above equations describe defect apendence stems from the competition between temperature

nealing, which formally correspond to the caseNgf>N,,, dependent defect creation and electron recombination rates.
reflecting the situation when radiation is decreased ofn particular, it does not have a bearing upon the annihilation
stopped. processes represented by the last term in(8q.The physics
When the time is relatively shorig{<1) the equation behind the degradation slowing down in this model is that

for n simplifies to the form the nonequilibrium electron concentration responsible for de-

G . fect creation decreases with time as defects accumulate.

~ YNo 1+t

where (6) B. Higher order kinetics

1 N2 We have been implying above that the kinetics are linear

0

in electron concentration. This simplification may fail if the
electron concentration is high. We consider the case when

convenient for fitting the experimental results. In the case the electron concentration is high enough to make both the

considerable degradation the characteristic degradation tim%efect generation and electron recombination rates quadratic

is shorter by the factor ofNy/N..)?<1 than the annealing nn

time 1/3. Therefore Eq(6) can describe a strong change in

concentratiqn /1) in the dqmain of its applicabilitﬁt . d_N: an?= BN, G- yNn2=0. @)
<1, which is far from saturation. Note that the radiation dt

intensity (proportional toG) enters the temporal dependence

in Eq. (6) via the produciGt, which is the irradiation dose. The recombination rate quadraticrns known to be one of
This means that within the framework of approximati@  the limiting cases of the Shockley—Read recombination
we can consider the beam either as(1) being uniformly  model. As for the microscopic origin of the defect generation
spread over the scan aréahich scales its intensijyduring  rate quadratic im, this may be due either to defect genera-
the time of experimertt or (2) being concentrated onto local tion caused bye—h recombination(both electron and hole
areas of the sample during reduced titjsee Eq.2)]. As-  concentrations enter the probabi)ityor defects with nega-
sociated with the above alternatives are two characteristiive Hubbard energy that have two localized electrons or
degradation timeg(1) the measured degradation timecor-  holes per centert?

responding to the first of the above interpretations where the Equation(7) has the same solution fdt as that in Eq.
beam is spread uniformly over the time of experiment  (5), while the charge carrier concentration becomes
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—1/4 corresponding area dependence in Fig. 9. Given the variabil-
exp(—2,8t)] ity in EBIC signal between different points, the theory and
experiment are in fairly good agreement. The characteristic
i v 8 degradation time determined from this fit was1.3 s.
vNg ' ® The data on interrupted degradation in Fig. 4 offer a test

where the latter equation is the short time approximatioﬁ‘Or our model prediction that, ir.' accprdance with £8), the_
analogous to that in Ed6). absolute value and degradation time of the EBIC signal

In the time domain where annealing is not importdat ~ scales asNo) ~* and N§, respectively. Approximating the
from saturatioh one can describe arbitrary order kinetics two data segments in Fig. 5 by equatiodg=No;' (1
dN +t/71) Y2 3,2 NG, 1+ (t=70)/7,] Y2 gave 1,/ 7 =4.4

t
14—

—

E:an’/, G—yNn"=0, (9) and Ng,/Ngp1=2, in qualitative agreement with the model
. ' prediction.
which gives The nature of the variability in degradation between dif-
(G/yNg)Y” v [ yNo\ 7" Ng ferent spots on the samplisee Fig. 2 requires further dis-
n= aruntm ol | w (100 cussion. As we have suggested in Sec. II, this variability can

o _ be attributed to the local built-in electric fields that make
The latter result reproduces the approximations in E65.  carrier recombination spatially nonuniform. This can be ex-

a”d(l?g dFor tthz ::a(sje of;EZfandyzé-iLalilo trep:odl:ﬁetsEthe pressed explicitly in our model framework where the main
result” devoted to degradations & Si:H. Note also that Eq. degradation characteristics

(10) predicts the degradation rate to be nonlinear in the ex-
citation intensity, d(In n)/dtx1/7«G”". Substituting the
above mentioned parameters-2 and v=1 gives aG? de-
pendence, in qualitative agreement wih® experimentally
suggestelf for the case of-Si:H. 1

C. Fitting the experimental data 4.5

In fitting the data we assume that the EBIC signal is £ *]

proportional to the electron concentratidmn. Most of the 3 354
data on EBIC degradation versus time can be surprisingly% 30
well approximated by the temporal dependence in &g. o
some examples are shown in Fig. 7. Fitting various curvesﬁ ]
gave characteristic true degradation timeanging from 0.3 2.0
to 3 s. As seen from Fig. 8, for the case of extremely high ]
energy density, the approximation in E§) becomes more
relevant, and a good fit is achieved fer0.3 s.

We also fit the data in Fig. 5 with Eq6) where in
accordance with Eq2) the radiation time was expressed in
the terms of scan area. For definiteness we have chosen thgs. g. High intensity EBIC degradation in comparison with the theoretical
end points in each time domain in Fig. 5 and plotted thefit by Eq. (8). ebeam parameters,=1.30 nA, E=25 keV, A=0.34um?.

2.5

time, min
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reflect the change in device efficieney which is propor-
FIG. 9. Area dependence of the EBIC degradation: data vs theoretical fit by. 9 o prop

75(1+ 700/A) 2. The data correspond to the end points of each area time}/Ional to the open-cwcu[t VOItagéOC and short-circuit C_urrent
domain in Fig. 5. I'sc=eNyag (whereNy, is the rate of photon absorption and

qis the quantum efficiendy’ Therefore, both the EBIC sig-
nal and the device efficiency are proportional go The
puzzle is that for a comparable integral number of generated

n(0)= G electron—hole pairs a relatively big change in EBIC observed
¥No in this work is not reflected in the corresponding device ef-
and (11) ficiency change caused by light radiatith.
We suggest an explanation based on the vastly different
N%y rates of charge carrier generation in the cases of electron-
™ Ga beam and light irradiation leading to different valuesgof

Indeed, from our EBIC data we estimage-0.01 or less,
depend on the recombination parameterexp(—V,/kT).  while g is approximately 1 for good quality devices when
Available estimates give V,~0.8eV. From this point of jjjuminated with AM1.5 light. Becausg=1 means that re-
view, 100% fluctuation in the degradation kinetics corre-compination plays almost no role, it is not surprising that
sponds to 2% fluctuation iN,,. The latter is comparable 10 changes in recombination center concentration do not show
the relative mean square fluctuation in the interface stat@p in collection efficiency: light-generated carriers are swept
concentration 4/sL?, wheres is the interface state density away from the device before they can recombine. On the
(s~10"-10cm™?) andL is the screening lengtfiess than  contrary,g<1 means that the generated carriers have time to
1 um). Hence, strong fluctuations in degradation kinetics canecombine and thug strongly degrades with accumulation
be explained by small statistical fluctuations in the graingf recombination centers.
boundary parameters. The fact that the observed variability e attribute the difference in recombination between the
becomes smaller with the dogEig. 2) can be attributed t0  ¢3ses ofe-beam and light to additional screening of the
defect accumulation, which decreases the relative concentryiit-in electric fields(both in the mainp—n junction and
tion fluctuation. grain boundary regionsby the high-concentration plasma

We conclude that the above model gives a fairly goodgenerated by the electron beam. Because of screening, elec-
description of the data oe-beam degradation. The main ¢ fields become less efficient separators of electrons and
feature beyond the scope of our model remains the degree @bjes and the latter recombine more readily. For the case of
reversibility of e-beam induced degradation. light, the excitation rate is much lower and the screening

weaker. Correspondinglye—h recombination slows down
exponentiallyf y<exp(—V,/kT)] bringingg up to the values
D. Other predictions of the model and general close to 1. One can say that the built-in electric fields make
discussion the recombination centers less efficient, as is illustrated in

One important question that remains to be addressed fs19- 10. The fact that the-beam generatede—h“ plasma
how the observed considerable EBIC degradation relates §2kes defects more efficient, makes EBIC a “magnifying
the degradation of the electrical characteristics in similar de9/ass” into degradation: radiation induced defects show up

vices illuminated by light. The latter is known to be rela- stronger in EBIC than in low-intensity light measurements.

tively small for a comparable integral number of generated ~ ON€ consequence of the above interpretation is the pre-
electron—hole pair EBIC degradation corresponds to the diction that photoluminescence and cathodoluminescence are

suppressed in the vicinity of the grain boundaries. Indeed,

because the built-in electric field spatially separates electrons

9= J (12) and holes, their radiative recombination slows down as com-
[o(W/w)’ pared to that in the intragrain material where the field is

decrease in the carrier collection efficiency
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relatively small or absent. This prediction is consistent withthe equilibrium dark concentratidd.. is lower than that un-
the observation’ der illumination. A related effect predicted by our model is
Since the recombination properties of the defects beaging of freshly doped samples in the dark. This is described
come insignificant under the ligliand thus the currenty, by Eq. (5) when we substitut& =Gt andNy=0
does not degradewe consider the change in the other im-
ircui i [GB 1
portant cell parameter, open circuit voltagg, due to mate n= ' (15)
rial compensation. Assuming that,.=const-kTInn, we ya \J1—exp —2pt)
obtain the degradation time characteristicVf

A comment is in order regarding the temperature depen-
dVee| ™ Voo dencies in Eq(14) and related dependencies mentioned in
VTVt KT (13 sec. llA. The activation barrieryz, V., etc. in those de-

pendencies can be well defined for the case of defects in
Hence,V, changes much slower than the defect concentragyystalline structure. In amorphous materials, sucta-&i,
tion: the ratior, /7 is typically in the range of 30—40. Equa- tnese barriers are random quantities characterized by their
tion (13) describes the difference between the current anghropapility distributions. One known consequence of it is
Vo degradation under thebeam. TheV,c degradation under  that amorphous materials have exponentially wide relaxation
the light will be slower by the ratio of the degradation times time distributions. The longer the stressing time, the slower
under thee beam and light. local configurations are activated by the stress. These low

Summarizing, we can list three factors that make theconfigurations retain their stress-induced changes for a long
observede beam and light degradations differenit) e-h time after the stress is removed. Therefore, degradation in
pair generation rate that is much higher for the case@ of amorphous structures can be made less recoverable by in-
beam;(2) built-in electric fields that are stronger for the case creasing stress time. For the case of polycrystalline materials
of light; and (3) difference in degrading quantitigsurrent  thjs phenomenon could take place in the hypothetical amor-
and open circuit voltage for the beam and light, respec- phous regions at and between the grain boundaries. We con-
tively). This understanding is consistent with B41) for 7 cjyde this section by noting that our model predicts cell sta-
where generation rate is present explicitly, while the built-in;jity to improve with an increase in the initial concentration
electric fields enter via the recombination parameter of defectsN, and/or the recombination parameterA con-

The first of the above factors is quantitatively character-Sequence of this is that stability can be affected by modifying
ized by the acceleration r_at'm)[see the discussion after EQ. grain boundaries. It is important that increasing the initial
(1)]. The second factor brings the main uncertainty in transtecombination rate does not necessarily result in poorer de-
lating the observed-beam degradation into that of light. The ices: cell efficiency remains practically intact if the carrier

ratio of the charge carrier lifetimes under light aadbeam  5nsit time is shorter than the recombination time.

might be a relevant quantitative parameter for this factor.

The inverse collection efficienay ™! is its lower bound es-

timate. The third factor can be estimated by the raijé6r  IV. CONCLUSION

from Eqg. (13). In a very rough approximation, we tale i i

=10°, g~1=100, 7,/ =30 to calculate the translation coef- We showed thate-beam induced degradation of the

ficient of 3x 10° between EBIC and light degradations. with CdTe based PV cell can be conveniently measunesitu
that using typical observed EBIC degradation timel s  USiNg the EBIC technique. The EBIC signal shows a consid-

gives the lower bound estimate of 10 yr for the light induced®ra@Ple, continuous degradation depending on the electron-
degradation time. beam current, scan area, and energy. The degradation kinet-

One prediction related to our model is that cell degrada—ics is found to fluctuate between different spots on the same
tion rate will be higher under open- then under short-circuitS@mpPle. _ _
conditions, since in the former case charge carriers accumy- EBIC imaging shows that the grain boundary regions are
late and trigger defect creation. The fact that open-circuilthe most effective carrier collectors. We relate this enhanced
cells degrade fastébut not necessarily strongewas indeed collection to the built-in electric fields that effectively sepa-
observed in CdTe-based cells andairSi based cell&41819  rate electrons and holes at the grain boundary regions.

Our model predicts metastable defect concentration to e Presented a simple phenomenological model that de-
increase with temperature even without radiation. IndeedScriPes the EBIC degradation as a function of time, scan

substituting into Eq.(6) the thermal generation rat6; area, and energy. The model is based on the concept of de-

=G, exp(—Ex/KT) gives fects that appear in the syst_em in response to extra electron_s
and holes generated by radiation and that serve as recombi-

Vp+V,—V,—Ef V. +Ee—V, nation and compensation centers.

N, cex . TeeXp —————|,
2kT kT
(14
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